In the last Conferences of the Parties, decision-makers have confirmed the long term objective of preventing a temperature increase greater than 2 ℃. However, climate negotiations have not lead yet to a binding agreement. Assuming that such agreement is obtained, this paper aims at appraising whether decision makers' commitment to meet the 2 ℃ objective is credible or not.
Video meliora proboque, deteriora sequor "I see and approve of the better, but I follow the worse"
The Metamorphoses, Book 7 Ovid
Introduction
In the last Conferences of the Parties, decision-makers have confirmed the long term objective of preventing a temperature increase greater than 2 ℃ above pre-industrial levels. Diplomatic vagaries of the last twenty years have prevented the international community from reaching a binding climate agreement on such desirable target. This is partly due to the fact that decision-makers are stuck in a global prisonner's dilemma. Because of the common nature of the global climate, governments seek to avoid free-riding behaviors from their partners regarding mitigation efforts, and thus do not launch ambitious mitigation policy. Solutions out of the prisonner's dilemma are not unknown (Ostrom et al., 1999; Dietz et al., 2003) , and there is some hope that the cooperative solution will eventually be reached. Our analysis focuses on the aftermath of an international agreement on climate policy. Once decisions-makers agree to act cooperatively, what can be expected of coordinated mitigation efforts? Will the declared 2 ℃ target be met or not?
To model this situation, we use RESPONSE, a simple Integrated Assessment Model (IAM). Before the starting date of mitigation policies, the global economy follows a business as usual scenario. Continuation of diplomatic divergences between countries postpone the beginning of mitigation efforts. After the starting date of mitigation policies, the economy follows a path that optimizes intertemporal global welfare under a climate constraint. We therefore assume that, after the international community has reached an agreement, the global economy is run by a unique benevolent planner, representing the now unanimous international community. The paper aims at appraising, in the aftermath of an ambitious climate policy agreement, whether decision makers' commitment to meet the 2 ℃ target is credible or not.
The climate constraint used in RESPONSE models the political agreement on the 2 ℃ target. It is characterized by a damage function with a threshold effect, located at 2 ℃. The damage function keeps climate damage low for temperature increase below 2 ℃, and makes it dramatically rocket when temperate increase exceeds the threshold. It is meant to match decision makers' representation of climate damage when they commit to keep temperature increase below 2 ℃. This commitment on a 2 ℃ target is partly based on IPCC (2007) findings, partly the results of a political process (Cointe et al., 2011) .
In the literature, only few IAMs based on traditional Cost Benefit Analysis have been designed to seriously take into account the possibility of tipping points and thus of a dramatic climate catastrophe (Weitzman, 2009) . Here, we build on Gjerde et al. (1999) , Keller et al. (2004) , and Lempert et al. (2006) who have explored the implications of introducing non-linearities of climate dynamics into conventional IAMs.
The 2 ℃ target is said credible if the global economy, run by the benevolent planner, does not exceed the 2 ℃ threshold. However, we do not know what are the underlying parameters of the economy that the benevolent planner will run. There is today a diversity of "worldviews" on key parameters of the climate debate, and we do not have good reasons to choose a particular set. Therefore we analyze the credibility of the 2 ℃ target for many combinations of a set of key technico-economic and climatic parameters (namely, global GDP growth, rate of technical progress, abatement costs, pure time preference, climate sensitivity).
We show that for a significant share of worldviews it is optimal to overshoot the threshold, unless climate damage is very high (above 20% of global GDP). This result is tantamount to a kind of "rationality trap" that we interpret as a "doomsday effect". Indeed even though decision-makers take into account a threshold function with strong climate damage, for some of them it is optimal to cross the threshold. We call them "doomists". The cost-effective approach (CEA) used by Keller et al. (2007) to estimate the cost of procrastination in climate policy prevents, by construction, any overshoot regardless of the costs. Cost-benefit analysis however (CBA) allows for the possibility of overshooting the temperature target (Ambrosi et al., 2003) and introduces some degree of flexibility in the temperature path.
In climate policy terms, CBA accounts for a "soft" commitment to meet the temperature target whereas CEA involves an absolute commitment. We interpret the number of "doomists" as an indicator of the credibility of the 2 ℃ target. The higher the number of doomists the weaker the credibility of the objective, as for a growing number of worldviews, it is not optimal to reach it.
To better understand this "doomisday effect", we identify by means of statistical methods the reasons for the rise of such phenomenon among the worldviews composing the climate debate. We discriminate among the key parameters mentioned above those which are more likely to drive to a "doomist" behaviour and conversely those which are more likely to hedge against this bleak effect. It turns out that climate sensitivity and the starting date of mitigation efforts are the most critical drivers.
Indeed any delay in mitigation efforts increases the cost of future drastic abatement required to comply with the temperature target, and also enhances the impact of the inertia of the climate system that could make a 2 ℃ temperature increase physically unavoidable because of past "commited" CO 2 emissions (Davis et al., 2010; Guivarch and Hallegatte, 2012) .
We show then that the later the mitigation efforts begin, the more difficult it becomes to prevent the overshoot, as a growing number of worldviews are struck by the "doomsday effect". In particular, the number of doomists dramatically increases if mitigation efforts do not start by 2020, while it keeps relatively constant from 1990 to 2010.
Remind that mitigation efforts only start when coordination problems are solved. In light of these results we argue that the window of opportunity for credible commitment to respect the 2 ℃ target is rapidly closing during the present decade. While delay in the implementation of climate policies during the first 20 years of climate negotiations did not have much impact on the credibility of the target, reaching an agreement in the present decade has become critical to reach the temperature target. Ironically, it is at the very moment when the international community firmly reaffirms its commitment to the 2 ℃ target, that any further delay in finding a solution to the coordination problem undermines the most strongly the credibility of the objective.
In section 1, we focus on the modeling features of the representation of climate damage by decision-makers. Section 2 presents our methodology for building a population of scenarios that can account for the diversity of views expressed in the climate debate. Section 3 uncovers the drivers of the "doomist" strategy. Section 4 presents and discusses the results by estimating the extent of the "doomsday effect" among decision-makers. In particular, our results show that if no action is taken by the beginning of the decade, then the number of "doomists" will rise significantly in the present decade. This would critically undermine the credibility of the 2 ℃ target, if the international agreement were to be reached after 2020.
Modeling the representation of climate damage
RESPONSE models the global economy in a standard Solow-Ramsey framework, with capital accumulation and exogenous technical progress 1 . Before the international agreement, the global economy follows a business-as-usual scenario, there is no mitigation effort. After the agreement, the global economy follows an optimized path, the benevolent planner optimizes intertemporal welfare, taking into account climate damage.
The crucial point is to model how decision-makers picture the climate damage. International climate negotiations commonly refer to the 2 ℃ target as the politically acceptable temperature increase beyond which highly undesirable climate change may occur. We then assume that the benevolent planner pictures climate damage as exhibiting a significant jump around 2 ℃. Accordingly, our damage function, expressed in percent of GDP, has a sigmoid form:
The damage function is plotted in figure 1: if the temperature increase θ A,t overshoots the threshold θ D , it triggers a strong increase d in climate damage during a non-linearity phase of duration η. In our runs, θ D is set at 2 ℃; the range η of the non-linearity phase is calibrated so that the jump in damage d unfolds its potential within the range [1.7 ℃; 2.3 ℃] of temperature increase. Note that, at θ D , the non-linear portion of the damage reaches half of its full potential. In the sensitivity analyis, we consider several values for the size of the jump (see next section).
We call "doomist" behaviour the optimal strategy in which the benevolent planner overshoots the threshold θ D . For a doomist benevolent planner, it is optimal, according to her worldviews, to enter the zone where catastrophic damage occurs. As an optimal strategy in a deterministic model, there is no uncertainty, surprise or wrong expectations involved in the "doomist" strategy. Either it is still rational to exceed the threshold because abatement efforts to prevent the overshoot are more costly, in terms of discounted utility, than high losses due to climate damage, or the threshold is bound to be crossed due to the inertia of the climate system. The "doomist" behaviour is thus a rational behaviour, as far as cost-benefit analysis is concerned.
On the horizontal axis, θA stands for the atmospheric temperature increase relative to 1990 temperature in Kelvin. On the vertical axis, D(θA) represents climate damage in % of GDP. The non-linearity occurs around the temperature threshold θD, η is the width of the nonlinearity phase, d ≥ 0 is the size of the jump in damage, and κ is a linear trend of damage.
3 Methodology: accounting for a wide diversity of worldviews in the climate debate
In order to examine this "doomist" behaviour, we first build a population that accounts for the wide diversity of worldviews in the climate debate. A broad sensitivity analysis over five key parameters of RESPONSE, namely the rate of long term economic growth, the rate of pure time preference, the rate of technical progress, an index of abatement cost, and climate sensitivity, taking four equidistant values each within the ranges listed in table 1, allows us to build a population of 4 5 = 1024 scenarios. The calibration of these parameters essentially rests on "beliefs" because there is no decisive argument for picking one value over another, and eventually the calibration results from an irreducible subjective choice within "objective" ranges provided by most advanced research (IPCC, 2007) . The combination of beliefs in these parameters constitutes what we call a "worldview." All these worldviews are run with the same damage function described in section 1, for different levels of damage jump ranging from 0 to 50% of GDP.
Ranges of the rate of long term economic growth and climate sensitivity are based on estimates provided by the IPCC as well as some other recent studies suggesting higher values for climate sensitivity, with a skewed distribution (Stern, 2006; Roe and Baker, 2007; Weitzman, 2009) . This is why we considered an extended range up to 6 ℃. Ranges of pure time preference and abatement costs are drawn from the emblematic Stern/Nordhaus controversy 2 . Another point of contention between the two approaches outlined in a companion paper , though it has remained almost unnoticed in the Stern/Nordhaus controversy, deals with abatement costs. Our abatement cost function is written at date t: For 26 levels of damage jumps in the range 0 − 50% of GDP, we run RE-SPONSE with 1024 (4 5 ) scenarios, which produces as many optimal abatement trajectories. Among this population of scenarios we then focus on the worldviews leading to a doomist behaviour for the le vel of jump in damage considered and various initial dates for the beginning of mitigation efforts. This allows us to better understand the rise of a "doomist" behaviour (see section 4) and how the credibility of 2 ℃ target is affected when mitigation efforts are postponed (see section 5).
2 Comments following the Stern (2006) Review (Dasgupta, 2007; Nordhaus, 2007; Weitzman, 2007; Yohe and Tol, 2007) have mainly emphazised the impact of the so-called unusually low rate of pure time preference of 0.1% (which makes the discount rate used in Stern's runs amount to 1.4%) on Stern's recommendation of early and strong mitigation action. In turn, the "policy ramp" promoted by Nordhaus (2008) would be driven by a more conventional level of pure time preference (2.8%) leading to a discount rate of 4.1%. 4 Uncovering the drivers of the "doomsday effect" Table 2 lists all the "doomist" scenarios among all the scenarios we run. It clearly shows that such behaviour occurs for all levels of non linearities in damages, and for all starting date of mitigation efforts. Note however that when the jump is null, i.e. climate damage is reduced to its linear portion κθ A,t , 94 percent of the scenarios lead to an overshoot of the temperature threshold. Describing these scenarios as "doomist" is not entirely appropriate since there is no serious threat. The figure simply indicates that the threshold will almost certainly be exceeded if only linear climate damage is anticipated. The same comment applies to cases with low jumps in damage which are not "frightening" enough to offset the cost of mitigation efforts to meet the 2 ℃ target.
In order to identify the drivers of the "doomsday effect" we estimate for all jumps in damage d, a logistic regression equation with 6 explanatory variables (the five key parameters that compose a worldview in addition to the starting date of mitigation efforts) and the dependant variable doom taking the value 1 when the 2 ℃ is overshot and 0 otherwise:
with β i the regression coefficients, ρ, the rate of pure time preference, γ, the technical progress on abatement technology, ζ the marginal cost of first abatement, ϑ the climate sensitivity, g the long term growth rate, and t begin the starting date of mitigation efforts. A separate estimation is computed for each value of the jump in damages, d, in 2% steps, providing thus 26 separate models. For each estimated logit model, elasticities were computed for each of the six starting dates of optimization t begin . In a logit regression context, such elasticities are easily interpreted as the marginal impact of a given variable on the probability that a scenario is doomist. That is, the larger the elasticity, the bigger is the impact, and conversely if the elasticity is negative.
These elasticities were computed with the STATA 12 "margins" command by the delta method using numerical derivatives and the observed information matrix. Elasticities are computed for 26 values of d and 6 optimization dates for t begin which give 156 elasticities per variable presented in figures 2 and 3.
The chart on the bottom left of figure 3 reads as follows: if the jump in damage is 10% and that mitigation efforts have started in 2000, then an increase of 1% of the discount rate increases the risk of being doomist by 0.6%. Figures 2 and 3 point out that technological progress on abatement cost reduces the risk of turning into doomist, while the other variables increase this risk. Figure 3 shows that climate sensitivity and the starting date of mitigation efforts are the two variables which have the greatest impact, in particular when jumps in damages are high. A one percent increase of the climate sensitivity when the jump in damage is 20% and the starting date of mitigation is 2020 makes the probability of turning into doomist increase by 5%. Note that the later the starting date of mitigation the lower the impact of an increase of the climate sensitivity. This is also true for the variables of growth and pure time preference. This is certainly due to the fact that postponing mitigation efforts keep less and less opportunity for not overshooting the 2 ℃ threshold, and therefore the impact on the risk of turning into a doomist is relatively greater when there is still a chance of meeting the temperature objective.
5 Results: Appraising the credibility of the 2 ℃ target across time
The aim of this section is to estimate in more details how the "doomsday effect" spreads with time and may eventually undermine the credibility of decision-makers' commitment to meet the 2 ℃ target. It brings us to the conclusion that the current 2010-2020 decade is crucial for climate policy to stand a chance of meeting the 2 ℃ target.
A static analysis of table 2 shows that the number of doomists decreases with the size of the jump regardless of the initial starting date of climate policy. This link is rather intuitive: the higher the shock of the damage, the higher the willingness to pay to hedge against the shock and thus to pay for precautionary mitigation efforts.
A dynamic analysis of figure 4, which displays results for only six levels of jump in climate damage, reveals that the number of doomists remains almost perfectly constant if mitigation policy is delayed from 1990 to 2010, since there are almost no additional doomists during this period. A dramatic increase in doomists then occurs during the 2010-2020 decade regardless of the size of the jump. This increase is all the more striking as it occurs after a two-decade plateau, while one could have expected a steady increase over the whole period. This upward trend of doomists is still noticeable during the following two decades.
These results suggest that if mitigation policies had started in the nineties or the early two thousands the 2 ℃ target would have been all the more politically credible and feasible since the number of doomists remained low and stable during this period. They also show that two decades may have been lost for implementing consensual climate policies. Figure 4 also indicates that it becomes more and more difficult to avoid overshooting the 2 ℃ threshold as the beginning of mitigation efforts is postponed. The same analysis has also been carried out with temperature thresholds of 2.5 ℃ and 3 ℃. We find the same type of results with however one or two decades of delay, depending on the temperature threshold (the higher the threshold, the later the occurrence of the doomist wave).
Note that the difficulty in preventing the overshoot is exacerbated by the inertia of the emission-temperature dynamics and the stock nature of GHG emissions. Indeed, figure 5 points out that if no mitigation efforts are undertaken by 2020, then past "committed" emissions, i.e. the stock of emissions accumulated by the starting date of mitigation efforts, inevitably lead to an overshoot of the 2 ℃ thresholds in some scenarios. This phenomenon becomes more pronounced with time, since delaying the beginning of the mitigation efforts increases the amount of committed emissions. In the extreme case where climate policy would not be implemented by 2040, virtually all of the decisionmakers would be turned into "doomists" because of their "committed" emissions, regardless of the value of the jump in damage. Table 2 shows that, in this case, for more than 62 percent of the scenarios it would be too late to prevent the temperature increase from exceeding the 2 ℃ threshold, and therefore to prevent major climate damage from occuring. Increasing the climate sensitivity density allows us to build a more accurate distribution of "committed" temperature increases than in the main sensitivity analysis that only takes into account 4 possible levels of climate sensitivity.
Conclusion
In this paper we show that taking into account non-linearities in climate damage has a significant impact on the optimal timing of climate policies and sheds light on the increasing difficulties with time to keep the opportunity to meet the 2 ℃ target that has been confirmed in last climate negotiations.
Among a broad set of scenarios accounting for the wide diversity of worldviews in the climate debate, we identify the main drivers of what we call the "doomsday effect" on decision-makers, that are beliefs on the climate sensitivity and the starting date of emission reduction. The "doomsday effect" effect either results from too high a level of "committed" emissions due to a delay in emission reductions and high levels of climate sensitivity, or a cost-benefit analysis that makes it optimal for rational deicsion-makers to resign themselves to overshooting the 2 ℃ threshold and then facing significant climate damage. We show that this effect occurs for any level of jump in damage and dramatically increases after the 2010-2020 decade, given that the later the mitigation efforts begin, the more difficult it becomes to prevent the overshoot.
The vagaries of the diplomatic process since the Rio Conference in 1992 have resulted in two "lost decades" for climate action. In light of these results, we believe that any further delay in reaching a clear international agreement will close the window of opportunity for meeting the 2 ℃ target with any reason-able chance of success. In fact, decision-makers may then become reluctant to implement ambitious climate policies since they will be in a position to believe it is too late to act and will be definitely struck by the "doomsday effect".
It is still time however to take stock of this thought experiment to keep on track with a future 2.5 ℃ or 3 ℃ target with a reasonable chance of success.
